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Abstract
Scalar fields coupled to gravity through the Ricci scalar have been considered both as dark matter
candidates and as a possible modified gravity explanation for galactic dynamics. It has recently
been demonstrated that the dynamics of baryonic matter in disk galaxies may be explained, in
the absence of particle dark matter, by a symmetron scalar field that mediates a fifth force. The
symmetron provides a concrete and archetypal field theory within which to explore how large a role
modifications of gravity can play on galactic scales. In this article, we extend these previous works
by asking whether the same symmetron field can explain the difference between the baryonic
and lens masses of galaxies through a modification of gravity. We consider the possibilities for
minimal modifications of the model and find that this difference cannot be explained entirely by
the symmetron fifth force without extending the field content of the model. Instead, we are pushed
towards a regime of parameter space where one scalar field both mediates a fifth force and stores
enough energy density that it also contributes to the galaxy’s gravitational potential as a dark
matter component, a regime which remains to be fully explored.
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I. INTRODUCTION
A suite of cosmological observations, from the Cosmic Microwave Background (CMB)
to galactic rotation curves [1, 2], provides compelling evidence that there must be new
physics in the universe beyond the Standard Model of particle physics. It is remarkable that
the introduction of an additional pressureless perfect fluid, combined with a cosmological
constant, is sufficient to allow the standard ΛCDM model of cosmology to agree with all
observations to date. However, the composition of the dark matter perfect fluid is currently
unclear. It is common to assume that dark matter has a particulate nature, but the mass
of the dark matter candidate is effectively undetermined, with possibilities ranging from
ultra-light axions, m ∼ 10−22 eV [3], to intermediate-mass black holes, m ∼ 102M [4].
A direct detection of a dark matter particle still eludes us, and, until its particle nature
has been determined, the question of whether modified gravity could also form part of the
new physics required to explain observations commonly attributed to particle dark matter
remains open.
In this work, we will consider a scalar-tensor modification of gravity known as the sym-
metron model. The symmetron is a canonical scalar field with a spontaneous symmetry
breaking potential, which couples universally to the trace of the matter energy-momentum
tensor [5, 6] (see also Refs. [7–11] for related earlier work). The form of the symmetron po-
tential and coupling mean that, in regions of high density, the Z2 symmetry of the theory is
restored and, in regions of low density, it is spontaneously broken. As the dominant effective
coupling constant between the scalar and matter is proportional to the vacuum expectation
value (vev) of the scalar field, we find that, when the local density is high enough to restore
the symmetry, the scalar fifth force decouples from matter. This environmental dependence
allows the theory to evade the constraints from fifth-force searches and local tests of gravity,
and this effect is known as screening. (For a review of screening in scalar-tensor theories of
gravity, see Ref. [13].)
The symmetron [5, 6] was first introduced as a possible explanation for dark energy and
the late-time accelerated expansion of the universe [14, 15], although it still requires the
presence of a cosmological constant term to match observations. It also suffers from the
same fine-tuning problems as the cosmological constant to explain the measured value of
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this term. It has, however, recently been shown1 that a symmetron scalar field, and its
associated fifth force, could explain both the rotation curves and stability of disk galaxies
[16] and the motion of stars perpendicular to the plane of the Milky Way disk [17]. As
such, the symmetron has the potential to be an interesting modified gravity alternative
to particle dark matter, although it should be made clear that particle dark matter passes
many observational tests for which the effects of the symmetron have not yet been computed.
Modified gravity alternatives to particle dark matter, such as MOND [18], MOG [19] and
TeVeS [20], have a long history. In contrast to these models, the symmetron model adds only
a single scalar field to the standard models of particle physics and cosmology, within a well-
defined effective field theory framework. In fact, (restricting to dimension-four operators)
the symmetron is nothing other than a Higgs-portal model to a light scalar sector with
spontaneous symmetry breaking [21]. Viewed from this angle, the symmetron model is an
extension of the Standard Model of particle physics, coupled minimally to Einstein gravity,
but involving an additional light scalar field that mixes with the would-be standard model
Higgs field.
Scalar fields have a long history of being studied as particle dark matter candidates.
Heavy scalars can play the role of dark matter, produced thermally in the early universe,
if they are neutral under the standard model gauge group [22–24]. Very light scalars can
also be dark matter when they are sufficiently weakly coupled that they are not thermally
produced in the early universe [25–35]. The Compton wavelength of these scalars is order
the size of a typical galaxy, ∼ 10 kpc, and so they form a coherent condensate around
the galaxy. In other cases, they can give rise to soliton-like configurations in the galactic
core [36–40]. Recent work has begun to study explicit couplings between scalar dark matter
and the Ricci scalar, and this non-minimal coupling provides a natural explanation for the
production of such dark matter in the early universe [41–45].
In this work, and so as to be clear about the distinct types of phenomenology arising from
the symmetron model, we will say that the scalar behaves as dark matter, if the background
scalar configuration contributes significantly to the total energy density of a galaxy. If this is
not the case, but perturbations in the scalar field mediate an additional force, we will say that
the theory is in the modified gravity regime. The main difference between the symmetron
model and other scalar theories typically considered as dark matter is the important role
1 By some of the authors of this article.
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played by non-linear behaviour and long-range coherent effects that allow the symmetron to
mediate a fifth force on galactic scales while still being screened in the Solar System.
The symmetron model bridges both dark matter and modified gravity explanations for
galactic dynamics, and can move between the two depending on the choice of parameters in
the potential and the strength of the coupling to matter.2 In this way, the symmetron pro-
vides an important field-theoretic archetype. Previous work has shown that the symmetron
fifth force can explain the internal dynamics of galaxies, without contributing significantly
to the total mass of the galaxy. This begs the question of whether the symmetron model,
acting as a modification of gravity, can be consistent with observations of gravitational lens-
ing around galaxies, where the ‘lens mass’ of the galaxy is also found to be larger than can
be accounted for with just the galactic baryonic mass. First constraints on the strength of
the coupling between an additional modified-gravity scalar, which is responsible for galac-
tic dynamics in the absence of particle dark matter, and photons were derived in Ref. [49]
from observations of the lens system SDSS J2141-0001. It was found that the effect of the
modified-gravity scalar on the lensing of photons must be of the same order as its effect on
the motion of matter within the galaxy.
In this work, we ask precisely this question: Considering the minimal possibilities in
detail, can the symmetron model explain both the internal dynamics of a galaxy and how
it lenses distant sources? In Section II, we introduce the symmetron model and, in Section
III, we review the previous work, arguing that a symmetron-mediated fifth force can explain
the internal dynamics of galaxies without the need for a dark matter component. In Section
IV, we consider all of the possible ways in which photon geodesics could be modified by a
symmetron field acting as a modification of gravity. Firstly, we check that, in the regime
of interest, the symmetron does not contribute significantly to the overall energy budget of
the galaxy. We then consider the consequences in turn of introducing axion-like couplings
to the electromagnetic field, a photon mass, and a disformal coupling. We find that none of
these minimal extensions of the symmetron can explain gravitational lensing by galaxies in
the absence of dark matter. We conclude in Section V and consider some possibilities for
further study of the symmetron models as a hybrid dark matter - modified gravity model.
Throughout this work, we choose the mostly plus sign convention for the metric and set
c = ~ = 1.
2 We note that, elsewhere in its parameter space, the symmetron can play a role during inflation [46–48].
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II. THE SYMMETRON MODEL
As a scalar-tensor theory, the original symmetron model is only defined up to conformal
transformations and associated field redefinitions. The two most common formulations are
the Jordan frame, where the scalar couples explicitly to the Ricci scalar and not directly to
matter fields, and the Einstein frame where there is no non-minimal coupling to gravity but
a direct coupling to matter fields [50]. The symmetron model consists of a non-minimally
coupled scalar field whose evolution, in the Einstein frame, is governed by an effective
potential
Veff(ϕ) =
1
2
(
ρ
M2
− µ2
)
ϕ2 +
1
4
λϕ4 , (1)
where µ2 > 0 corresponds to a constant (tachyonic) mass, λ > 0 is a dimensionless constant,
and ρ is the non-relativistic energy density of matter.
The density dependent term in the effective potential, Eq. (1), arises because matter fields
move on geodesics of the Jordan-frame metric gµν = A
2(ϕ)g˜µν , where g˜µν is the Einstein
frame metric. The coupling function A(ϕ) has the form
A(ϕ) = 1 +
ϕ2
2M2
+ O
(
ϕ4
M4
)
, (2)
and the constant energy scale M defines the strength of the interactions between the scalar
and matter fields. This model should be considered an effective field theory, valid up to the
scaleM . Whilst the purely scalar sector consists only of operators up to mass dimension four,
the coupling to matter introduces higher-dimension operators, which are non-renormalisible,
reflecting the non-renormalisability of the modified gravitational sector in the Jordan frame.
As stated above, matter particles move on geodesics of the Jordan frame metric gµν . In
terms of the Einstein frame metric, this can be understood as matter particles feeling an
additional fifth force mediated by the symmetron scalar. A unit-mass test particle is subject
to a fifth force of the form (see, e.g., Ref. [51])
~Fsym = − ~∇ ln A(ϕ) ≈ − ϕ
M
~∇ ϕ
M
. (3)
In regions of sufficiently high density, where ρ/M2 > µ2, the minimum of the effective
potential in Eq. (1) lies at the origin, ϕ = 0, and the Z2 symmetry of the theory is restored.
In such regions, the coupling strength ϕ/M therefore goes to zero, and the fifth force is
screened. In regions of sufficiently low density, where ρ/M2  µ2, the Z2 symmetry is
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broken, and the symmetron field acquires a non-zero vev ϕ ≈ ± v = ±µ/√λ. In such
regions, spatial gradients in the symmetron field will give rise to a fifth force, with coupling
strength v/M .
A variant of the symmetron model can also be realised by the Coleman-Weinberg mech-
anism [52] of spontaneous symmetry breaking (see Ref. [53]). While the precise shape of the
symmetry-breaking potential differs from that in Eq. (1), the general arguments presented
in this work carry over to this alternative construction.
As the symmetron model is designed to avoid local tests of gravity, constraints on the
model parameters are weak. They arise from Parametrized Post-Newtonian (PPN) bounds
in the Solar System [5, 6, 17], from precision tests of gravity in the laboratory [54–60], and
from astrophysical probes [61–63]. These constraints are reviewed in full in Ref. [64]. The
remaining parameter space, however, is vast. The expected values for the model parameters
vary depending on the motivation for studying the symmetron, in the initial formulation,
µ and M were chosen so that the critical density for the symmetry breaking transition
ρcrit = µ
2M2 was of order the critical density of the universe today, i.e. ρcrit ∼ H20M2Pl. This
would mean that a phase transition in the late universe could explain the onset of dark
energy domination. If the scalar field is thought to arise from a modification of gravity then
one might expect that M ∼ MPl, where MPl is the reduced Planck mass. However, we are
not required to make either of these assumptions about the parameters of the model. In
this work, we do not place any theory priors on the expected values of the parameters.
III. INTRA-GALACTIC EFFECTS OF CONFORMALLY COUPLED SYMMETRONS
For an isolated galaxy, the symmetron field profile will interpolate between ϕ = v in
the cosmological vacuum and a smaller value at the center of the galaxy ϕ(0) < v. As the
central density of the galaxy is increased, this value will asymptote to zero. It is clear from
Eq. (3) that the strength of the fifth force experienced by individual particles or stars within
the galaxy depends both on the value and the gradient of ϕ at their respective position.
In Ref. [16], it was shown that this fifth force may be sufficient to explain the rotation
curves of disk galaxies without the need for particle dark matter. To see how this is possible,
we consider the SPARC data set [65], the analysis of which showed that, in disk galaxies, the
observed centripetal accelerations (gobs) and those predicted from the baryonic component
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alone (gbar) follow the empirical relation [66]
gobs =
gbar
1− e−
√
gbar/g†
= gbar +
gbar
e
√
gbar/g† − 1
, (4)
where g† = 1.20 ± 0.02(rand.) ± 0.24(sys.)×10−10 ms−2. To see if the symmetron may be
able to explain this effect, we approximate the galaxies as thin disks, of uniform density and
height h. Then the symmetron force in Eq. (3) contributes a centripetal acceleration
gsym(r) =
1
2
d
dr
(
ϕ(r)
M
)2
, (5)
To produce the correlation in Eq. (4), the symmetron field must give rise to an acceleration
of the form
gsym(r) =
gbar(r)
e
√
gbar(r)/g† − 1
. (6)
The symmetron profile is sourced by the distribution of baryons in the galaxy. We assume
an exponential disk profile for the surface mass density of the galaxy Σ(r) = Σ0 e
−r/rs , so
that the total baryonic mass within a radius r is given by
Mbar(r) = M0
[
1− e−r/rs
(
1 +
r
rs
)]
. (7)
Here, the total baryonic mass of the galaxy is M0 = 2pir2sΣ0 and rs is its scale length. For
convenience, we define x ≡ r/rs and
f(x) ≡ f0
x
[
1 − e−x(1 + x)]12 , f0 = (GM0
g†r2s
)1
2
. (8)
Then, using the coarse approximation that gbar ≈ (GMbar(r))/r2, we see that we require(
ϕ
M
)2
≈
(
ϕ0
M
)2
+ 2
g†rs
c2
∫ x
0
dx′
f 2(x′)
ef(x′) − 1 . (9)
A galaxy with a mass and scale length comparable to the Milky Way (M0 ≈ 6 × 1011 M
and rs ≈ 5 kpc) will have f0 ≈ 5. The integral in Eq. (9) appears to diverge as x → ∞,
however we recall that the identification in Eq. (6) need only hold out to a finite radius,
which would provide a cut-off for the integral in Eq. (9). The form of this field profile is
plotted in Fig. 1.
A concrete, but simplified, example was simulated in Ref. [16] (related earlier work can
be found in Refs. [7, 8]) with M = MPl/10, v/M = 1/150 and µ = 3× 10−39 GeV, to show
that symmetron profiles of the required form, naturally arise within the set of galaxies in the
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FIG. 1. The symmetron profile ϕ of Eq. (9). The associated fifth force would reproduce the
empirical relationship of Eq. (4) to describe the rotation curves for a simplified model of a disk
galaxy. We have normalized to the value of the field at r/rs = 10 (ϕ10) with boundary condition
ϕ0/M = 10
−3. Figure reproduced with permission from Ref. [16].
SPARC data set. Additionally, this symmetron component was shown to explain both the
stability of the disk galaxy to the formation of bars, and the radial acceleration relation of
[66, 67]. This choice of parameters is in conflict with the bounds coming from constraints on
the PPN parameters. However, it was noticed in this work that there is a degeneracy in the
µ,M parameter space where the effective mass of the symmetron in the galaxy approximately
vanishes m2eff = ρgal/M
2 − µ2 ≈ 0. So it is expected that there is a choice of parameters
that can simultaneously explain the galactic dynamics and be compatible with local tests of
gravity, although numerical simulations in this non-linear regime are challenging.
As the scalar force is sourced by the baryonic matter in the galaxy, which forms the
galactic disk, the symmetron profile perpendicular to the galactic plane may not have the
same form as the radial dependence in the disk. This is in contrast to the distribution
of particle dark matter around the galactic disk, which is expected to be approximately
spherical. As a result, the motion of stars perpendicular to the plane of the Milky Way could
be used to discriminate between models. In Ref. [17], it was shown that the symmetron can
be compatible with the perpendicular motion of stars in our local neighbourhood and still
be sufficiently screened in the Solar System to satisfy PPN bounds. The results of a fit to
the mock data set of Ref. [68] are shown in Fig. 2. The degeneracy in the parameter space
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clearly runs to smaller values of M and larger values of µ. The accuracy of measurements of
the motion of local stars will improve with new data coming from the Gaia satellite in the
near future, and it may then be possible to discriminate between the fifth-force and dark
matter hypotheses directly.
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FIG. 2. Reduced χ2 value for the fit of the symmetron modified gravity model to the velocity
dispersion of stars perpendicular to the plane of the galaxy for the mock data set of Ref. [68]. Values
are plotted as a function of the symmetron parameters M , and µ and the Compton wavelength of
the symmetron in vacuum, `∞. The grey regions mask values of µ and M for which the best fit
value of v results in a fifth force that is weaker than gravity: α = (v/MPl)
2(MPl/M)
4 < 1, or is
incompatible with the predictivity of the Effective Field Theory (EFT) description: v > M . We
also show as a dashed black line the boundary above which v will always lead to a measurable
fifth force in the Solar System, with the region below this line being permitted by the Cassini
measurement. The white triangle indicates a particularly interesting point in the parameter space,
where the symmetron fifth force explaining the motion of stars could be on the verge of detection
with Solar System tests of gravity. The degeneracy in the parameter space where the effective mass
of the symmetron field tends to zero can be seen running towards the lower right-hand corner of
the plot. Figure reproduced with permission from Ref. [17].
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IV. CAN THE SYMMETRON EXPLAIN THE LENS MASS OF GALAXIES?
If the symmetron model is to explain the rotation curves of disk galaxies entirely via
an additional fifth force, its contribution to the total energy density of the galaxy must be
subleading. This ensures that the scalar field configuration sources only a negligible increase
in the depth of the gravitational potential of the galaxy over that due to the baryons.
In general relativity, gravitational lensing occurs because photon geodesics are curved by
a potential well. The depth of the potential well is directly proportional to the mass of the
galaxy, and so, in the thin-lens approximation, the deflection of a light ray is proportional
to the ‘lens mass’ - the mass of the galaxy. In observations of gravitational lensing, the
baryonic mass of the galaxy is not sufficient to account for the total lens mass [69]. It
is therefore clear that a symmetron fifth-force explanation of galactic rotation curves will
be incompatible with observations of gravitational lensing, unless there is some equivalent
‘fifth-force’ effect acting on photons as they pass through the neighborhood of the galaxy.
A. Perturbations to the metric potential
We begin by checking the consistency of our preceding assumption that, in the region of
parameter space where the symmetron fifth-force can explain galactic rotation curves, the
energy density stored in the symmetron field has a negligible impact on the curvature of
spacetime. As a corollary, we demonstrate that the store of energy in the scalar field in
this regime cannot be the explanation for the difference between the lens mass and baryonic
mass of a galaxy.
The energy density stored in the scalar field is
Eϕ =
∫
dV
[
1
2
(
∂ϕ
∂r
)2
+
1
2
(
∂ϕ
∂z
)2
+
ϕ2ρ(r, z)
2M2
+ U(ϕ)
]
, (10)
where
U(ϕ) = −1
2
µ2ϕ2 +
λ
4
ϕ4 +
1
4
µ2v2 , (11)
and we have shifted the zero of the potential to ensure that the symmetron contributes zero
energy density (classically) to the cosmological vacuum, i.e. U(v) = 0.
Assuming that the galaxy is cylindrically symmetric and using the equation of motion
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for ϕ, we find that
Eϕ = 2pi
∫
dz
∫
r dr
[
U(ϕ)− ϕ
2
U ′(ϕ)
]
(12)
= 2pihr2s
µ2v2
4
∫ ∞
0
dx x
(
1−
(ϕ
v
)4)
. (13)
In the last line, we have redefined x = r/rs and assumed that the the disk of the galaxy
has a uniform height h. We have neglected the variation in the ϕ field perpendicular to the
plane of the disk, instead assuming that the field is approximately constant over the height
of the disk and zero outside it. This may underestimate the amount of energy stored in the
field, however we believe it captures the leading-order behaviour.
The ratio of the energy stored in the scalar field to the mass of the galaxy is therefore
Eϕ
Mgal
=
1
4
µ2M2
ρ¯
v2
M2
I , (14)
where I =
∫∞
0
dx x(1− (ϕ/v)4) is a dimensionless constant, which depends on how ‘quickly’
the field recovers to its vev, and ρ¯ is the average three-dimensional density of the galaxy.
For field profiles such as those in Eq. (9), which approximate the form needed to explain
galaxy rotation curves, we find that the integral I evaluates to an order one number. If we
require v/M < 1 to be sure that the effective field theory is under control and if the galaxy
is at least partially screened, so that ρ¯/µ2M2 ≥ 1 then the amount of energy stored in the
scalar field configuration can be neglected compared to the mass of the galaxy.
This does, however, suggest that if we were working with a theory where configurations
with v ∼ M remain well defined, and if the critical density of the theory, ρcrit = µ2M2 is
the average galactic density then the energy stored in the scalar field would be comparable
to the mass of the galaxy. In this case, the scalar field profile would contribute directly
to the ‘missing mass’ in the galaxy. This is much closer to a typical scalar dark matter
configuration, and the system would need to be reanalyzed to account for both the effects
of the fifth force mediated by the scalar field and the contribution of the scalar to the total
mass of the galaxy. Intriguingly, this choice of µ and M is that picked out by the degenerate
region in Fig. 2. We will return to comment further on this intriguing possibility later in
this article.
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FIG. 3. Feynman diagram showing how an axion-like coupling between photons and a scalar field
can be mediated by a triangle loop of a fermionic field.
B. Axion-like couplings
Classically, the photon kinetic term is invariant under conformal transformations3 and so
the rescaling of the metric by the symmetron field in Eq. (2) does not introduce a coupling
between the symmetron scalar and photons. However, viewing this model as a quantum field
theory, it can be shown that quantum corrections generate an ‘axion-like’ coupling between
the scalar and photons [70]
L ⊃ ϕ
2
M2γ
g˜µρg˜νσFµνFρσ , (15)
where Mγ is a new energy scale, which is not fixed to be the same as the strength of
the coupling to matter. This term arises because the conformal invariance of the photon
Lagrangian is broken by a quantum anomaly that comes from integrating out high-energy
modes of the fermions [70, 71].
Additionally, if there are heavy charged fermions beyond the Standard Model that couple
directly to the scalar, they will be able to mediate interactions between the scalar and
photons through a triangle loop diagram as in Fig. 3. Integrating these heavy fermions
out, leaves a low-energy effective theory that possesses a contact interaction between the
conformally coupled scalar and two photons of the form in Eq. (15) [70, 72].
The coupling in Eq. (15) is known as an axion-like coupling, due to the similarities
to the couplings of the hypothetical axion that solves the strong CP problem of QCD.
Notice, however, that it is parity-even in this case. Including this interaction means that the
symmetron scalar field can modify the propagation of photons. In vacuum, the symmetron
3 The square root of the metric determinant rescales as
√−g → A4(ϕ)√−g, and the inverse metric as
gµν → A−2gµν so that √−ggµνgρσFµρFνσ → √−ggµνgρσFµρFνσ.
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FIG. 4. Feynman diagram showing the one-loop correction to the photon propagator due to the
axion-like coupling of Eq. (15). In the symmetry broken phase for the symmetron model, there
is an additional one-loop diagram which enters proportional to (v/M)2, so it is suppressed by a
higher power of M .
can now give rise to loop corrections to the photon propagator. Additionally, in the presence
of a background magnetic field, it can lead to non-conservation of photon number, and a
change in the speed and polarisation of propagating photons. We consider each of these
effects in turn.
The trace of the vacuum polarisation induced in the photon propagator by the loop of
symmetron scalar in Fig. 4 is
Π(k) =
m2ϕk
2
16piM2γ
ln
(
Λ2
m2ϕ
)
, (16)
where Λ is an ultra-violet cut-off scale [73], and m2ϕ = V
′′
eff(ϕ) is the local mass of the
symmetron field. This is identically zero on-shell (k2 = 0), as required by gauge invariance,
although it will have an effect on off-shell photons. As a result, the vacuum polarisation
cannot give rise to the order-one correction to the deflection angle needed to account for the
observed lens mass of a galaxy.
In a background magnetic field, the coupling in Eq. (15) introduces an effective operator
that allows a photon to convert into two scalars and vice versa. In the presence of both a
background magnetic field and a non trivial background scalar configuration, as we expect
to find in a galaxy, the effective operator describes mixing between one photon and a single
fluctuation of the scalar field:
Leff ⊃ 4Bv
Mγ
ϕ
Mγ
(∂yAx − ∂xAy) , (17)
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where we have chosen our coordinates so that the magnetic field B is oriented along the z
direction, and Aµ describes the propagating photon. The strength of the mixing between the
photon and the symmetron scalar depends on both the strength of the background magnetic
field and on v/Mγ. This is the well-known Primakov effect, which is also used to search for
‘invisible’ axions [74]. Depending on the orientation of the magnetic field, the propagating
eigenstates of the system are a mix of one polarisation of the photon and the scalar field,
and photon number is no longer conserved. As the symmetron scalar field has a mass, the
mode which is a mix of the scalar and the photon will travel on a time-like geodesic.
In a constant and uniform magnetic field, only one polarisation of the photon mixes with
the scalar, that polarised perpendicular to the orientation of the magnetic field. The second
polarisation follows null geodesics. In an unrealistic scenario where a galaxy possesses a
uniform magnetic field, mixing between the photon and a scalar field would produce two
lensed images, one for each polarisation. The component of the photon that couples to the
scalar will be lensed as if it were a particle with mass
m2eff =
vBω
2M2γ
. (18)
Considering optical photons ω ∼ eV, galactic magnetic fields of B ∼ 10 µG, v/Mγ ∼ 10−2
and a scalar photon coupling of Mγ ∼ MPl/10, this gives an effective mass of meff ∼
10−27 GeV. To give rise to an order-one change in the deflection angle, the effective mass
of the photon would have to become so large that it would become non-relativistic. This is
not possible for light axion-like particles given the current bounds on Mγ. Even allowing for
the effects of the field to be screened in regions of high density, we require Mγ & 109 GeV
[75–77].
The magnetic fields of real galaxies are much more complex than this: they may be split
into coherent domains or display a turbulent structure. Radio imaging of Faraday rotation
also shows that the magnetic field extends beyond the location of the visible baryonic matter
[78]. This structure does mean that, in more realistic situations, both components of the
photon will be mixed with the scalar field. The biggest challenge for such an explanation
of the observed lensing, however, is the need for the magnetic field strength to be directly
correlated with the total mass of the galaxy, regardless of any other properties. It is already
known that this is not the case; radio-faint galaxies have lower magnetic fields than gas rich
galaxies with higher star formation rates [79].
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We are forced to conclude that the presence of an axion-like coupling for the symmetron
scalar does not give rise to sufficient modifications to the photon geodesics to explain obser-
vations of gravitational lensing in the absence of dark matter.
C. Photon Mass
In pure general relativity, the lensing deflection angle for a massive, rather than a massless,
photon is [80]
Θtotal =
4GM0
b
(
1 +
m2γ
2ν2
)
, (19)
where M0 is the mass of the lens and b is the impact parameter. A constant mass for the
photon in general relativity is tightly constrained to be mγ < 1× 10−18 eV from considering
the impact of the solar wind on the orbit of planets in the Solar System [81, 82].
Going beyond general relativity, we see that giving the photon a mass means that the
photon will now have a mass-dependent coupling to the symmetron scalar field through the
universal coupling to the trace of the energy-momentum tensor (to which the photon mass
will now contribute). The resulting equation describing the motion of the photon on a lensed
trajectory is, to first order in the Schwarzschild radius r∗ = 2GM0,
d2u
dθ2
+ u =
r∗
2
(
3u2 +
1
J2
− 2AA
′ϕ,u
r∗J2
)
, (20)
where u = 1/r, θ ∈ (−pi/2, pi/2), A′ = dA/dϕ and J is the conserved angular momentum.
We have assumed that the correction to the photon trajectory due to the symmetron field is
the same order in the expansion as the correction due to the Schwarzschild potential. This
has to be true if the effects of the symmetron are to account for the observed deflection of
light around galaxies.
If the thin-lens approximation holds, we can assume that the photon trajectory is deflected
only in a thin plane around the lens. It remains to estimate the form of the symmetron field
around the source. If the symmetron field is small compared to its vev at the point at which
the photon trajectory crosses the lens plane then we can approximate ϕ in Eq. (20) as
ϕ(u) = λ0vr∗u
(
MPl
M
)2
 v , (21)
where λ0 is a screening factor which depends on the baryonic distribution in the lens. In
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this case,
A(ϕ)A′(ϕ)ϕ,u ≈ λ20r2∗u
( v
M
)2(MPl
M
)4
, (22)
and the correction due to the presence of the symmetron field will appear first at order
r2∗. (The combination λ0r∗u(MPl/M)
2 must remain small to ensure that the inequality in
Eq. (21) remains satisfied.)
Alternatively, we can approximate the symmetron field as remaining close to its vev, such
that
ϕ(u) = v − λ0vr∗u
(
MPl
M
)2
≈ v , (23)
where, again, λ0 is a screening factor which depends on the lens. We note that the photon
trajectory crosses the lens plane well outside the Schwarzschild radius of the galaxy, and so
r∗u 1. In this case, we find that
A(ϕ)A′(ϕ)ϕ,u ≈ −λ0r∗
( v
M
)2(MPl
M
)2
, (24)
and the corrections due to the symmetron enter the equation for the photon geodesic at
order r∗, as required. The resulting deflection angle is
Θtotal =
4GM0
b
[
1 +
1
2
(mγ
ν
)2(
1 + 2λ0
v2M2Pl
M4
)]
. (25)
The constraints on the mass of the photon, described above, mean that the additional
correction to the deflection angle coming from the coupling to the symmetron is always
subdominant to the general relativistic result, and certainly cannot be responsible for the
large inferred lens mass of galaxies. (Again, the combination λ0(MPl/M)
2 must remain small
to ensure the validity of the approximation in Eq. (23).)
One final possibility remains: that the photon gets an ‘effective mass’ from a coupling
to the symmetron scalar, which varies depending on the environment. For example, the
symmetron could give the photon a mass through a Higgs-like mechanism, i.e.
L ⊃ α˜ϕ2AµAµ , (26)
where α˜ is a dimensionless coupling constant. This operator would mean that the photon
mass would vanish locally, and in regions of high density where ϕ ∼ 0, and would only be
relevant on galactic scales where the field is weakly perturbed from its vev. This is the only
regime in which we need to perturb the behavior of photons in order to explain the lens
mass of galaxies.
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The constraints on the photon mass reported by the Particle Data Group [83] come from
local tests within the Solar System, but constraints also come from observations of galactic
magnetic fields [84, 85] on much larger distance scales. A mass for the photon means that
there is an additional contribution to the energy budget of the galaxy, which is proportional
to the photon mass. Taking into account the effect that this energy has on the galactic
plasma leads to the bound mγ . 10−27 eV [86], and studies of the large-scale magnetic field
of the galaxy and the gas pressure of the galaxy imply mγ . 10−26 eV [85]. These bounds
depend on the origin of the photon mass, however, and it was shown in Ref. [84] that if the
photon mass arises through a Higgs mechanism then the bounds from galactic physics can
be avoided altogether. It is for this reason that the bounds from galactic physics are not
used by the Particle Data Group. The constraints are avoided in such a model if the energy
density in the galactic magnetic field is sufficiently large that it restores the symmetry for
the scalar field, driving the scalar vev and, consequently, the photon mass to zero. There is
an additional regime in which the symmetry is not restored across the whole galaxy, but a
network of vortices balances out the energy due to the massive photon field. (We refer the
reader to Ref. [84] for further details of this mechanism.) A symmetron model that gives rise
to a photon mass through a Higgs mechanism cannot avoid the bounds on the photon mass
from galactic physics. If the symmetry is restored in a sufficiently large region of the galaxy
to avoid the constraints on the photon mass from galactic magnetic fields, the field profile
needed for the symmetron to explain the rotation curves of galaxies will be destroyed. As
the effective mass of the symmetron is of order the size of the galaxy, it is also not possible
to create a sufficiently dense network of symmetron topological defects to cancel the photon
mass contribution to the galactic energy budget.
Constraints on the photon mass also arise from cosmological observations of gamma ray
bursts [87], extra-galactic pulsars [88, 89] and fast radio bursts [90–92], which give the
tightest constraint mγ . 10−14 eV. These constraints are significantly weaker than those
obtained from cosmological measurements. We could, however, ensure that any bound on
the photon mass was always avoided by generating the mass through an operator of the
form
L ⊃ ϕ
2
M ′ 2γ
(v2 − ϕ2)AµAµ , (27)
where M ′γ is the constant mass scale controlling this interaction. Although this is clearly a
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tuned choice, the form of the interaction in Eq. (27) would ensure that there was no coupling
in the cosmological vacuum where ϕ ∼ v. In the remainder of this section, we consider only
the simpler form for the symmetron photon coupling of Eq. (26), but the two possibilities
will behave very similarly at linear order in the perturbed ϕ.
To find the corrections to the geodesic equation introduced by a Higgsed mass for the
photon of the form in Eq. (26), we vary the action for a single massive particle
S = −
∫
α(ϕ) ds , (28)
where α(ϕ) = α˜1/2ϕ is the effective photon mass,4 where s is the proper time along the
particle’s geodesic. To first order in the Schwarzschild radius, we find that the resulting
geodesic equation is
d2u
dθ2
+ u =
r∗
2
(
3u2 +
α2(ϕ)
L2
)
− α
′(ϕ)α(ϕ)ϕ,u
L2
(1− ur∗) , (29)
where L = (α(ϕ)/u2)(dθ/ds) is a conserved quantity of the motion. (If the photon mass were
fixed then L/mγ = J would be the conserved angular momentum.) The galactic bounds
on the photon mass imply that, at most, α(1/b) ∼ 1/rs. This means that the symmetron-
induced correction to the geodesic equation can only be subdominant to the gravitational
effects. Assuming that the dominant corrections to the photon geodesic occur in the lens
plane, and that α(1/b) ∼ 1/rs, we find the lensing deflection angle is
Θtotal =
4GM0
b
[
1 +
2
(piνrs)2
(
1 + 2λ0
M2Pl
M2
)]
, (30)
where we have again assumed the form for ϕ given in Eq. (23). We see that the correction
due to the effects of the symmetron field can only be subdominant to the leading general
relativistic term.
D. Disformal coupling
We now make the simplest extension of the symmetron model introduced in Refs. [16, 53]
by adding a disformal coupling term [93]. This means that matter fields move on geodesics
of the metric
gµν = A
2(ϕ)g˜µν +B(ϕ)∂µϕ∂νϕ , (31)
4 This α is not to be confused with the α appearing earlier in Section III that parametrizes the strength of
the fifth force for matter.
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where we note that the function B”, which should not be confused with the magnetic field
strength appearing in Sec. IV B, has mass dimension 1/M4dis. In what follows, we will assume
that B is independent of ϕ at leading order.
It has been shown [94] that, at first post-Newtonian order and assuming that the scalar
field profile is static and spherically symmetric, the disformal coupling contributes to the
lensing deflection angle as
Θtotal = ΘGR +
∫ ∞
b
b2 dr
r
√
r2 − b2
B(∂rϕ)
2
A4
, (32)
where b is the impact factor and ∆θGR = 4GM0/b for a lens of mass M0. Assuming that
there is no dark matter in the galaxy, M0 is the total baryonic mass. We have set c = 1 in
this expression but, reintroducing c, we would see that corrections to this expression appear
first at order 1/c4.
If galactic rotation curves are explained by a symmetron fifth force then the form of
the scalar field profile is given by Eq. (9). As a result, the deflection angle induced by a
disformally coupled symmetron, relative to the deflection angle around the same mass in
pure general relativity, is
Θsymm
ΘGR
=
bM4g2†
4GM0
∫ ∞
b
dr
r
1√
r2/b2 − 1
B
ϕ2A4
f 4(x)
(ef(x) − 1)2 . (33)
For consistency, we always work in the regime where ϕ/M  1 and so we approximate
A ≈ 1 and set ϕ2 ∼ v2 to find
Θsymm
ΘGR
=
(
M
v
)2
(BM4)
1
M2
b
rs
g†
rs
1
4f0
∫ ∞
b/rs
dx
x
1√
x2r2s/b
2 − 1
f 4(x)
(ef(x) − 1)2 . (34)
We take the characteristic values f0 = 5 and b/rs = 100 to find
Θsymm
ΘGR
≈ 2× 10−3
(
M
v
)2
(BM4)
g†
rsM2
. (35)
This means that the contribution to the deflection angle from the symmetron field is of the
same order as the general relativistic contribution when
B ≈
(
1029
MPl
)4
, (36)
where we have used g† = 1.2 × 10−10 ms−2, c.f. Eq. (4),and the parameters rs = 5 kpc,
v/M = 1/150 and M = MPl/10 for which the symmetron can explain the rotation curves
of disk galaxies, as discussed in Section III. This requires the energy scale of the disformal
coupling to be Mdis ∼ 10 meV, a value excluded by terrestrial experiments [95, 96], which
require the energy scale of the disformal coupling to be greater than 650 GeV.
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V. CONCLUSIONS
Light scalar fields coupled to gravity have been proposed as both theories of dark matter
and theories of modified gravity. In this work, we consider such a scalar to behave as dark
matter on galactic scales if it gives rise to a significant contribution to the total mass of
the galaxy. A scalar acts as modified gravity on galactic scales if it does not contribute
significantly to the total mass of the galaxy but instead mediates a fifth force that modifies
the motion of standard model particles. These are two extremes of the phenomenology that
can be exhibited by a single scalar field theory, and so a mixed regime where the scalar
contributes to the total mass and mediates a fifth force should also be considered as a
possibility within these simple theories.
The symmetron is an example of such a theory that introduces a single real scalar field,
that couples non-minimally to matter (or to gravity depending on the choice of frame). The
scalar has a Higgs-like potential and couples to matter in such a way that the ϕ → −ϕ
symmetry is restored in regions of high density and broken in regions of low density. Due to
this coupling to matter, the symmetron mediates a fifth force, the strength of which depends
on the local value of the scalar field.
It has previously been shown that a symmetron-mediated fifth force could explain the
internal dynamics of galaxies: their rotation curves, stability (to the formation of bars), and
the motion of stars perpendicular to the galactic plane. In this work, we asked whether such
a theory with a single symmetron field can explain the difference between the baryonic mass
and the lens mass of a galaxy purely as a modification of gravity. We have considered the
conformal coupling of the scalar, the contribution of the energy stored in the scalar profile to
the total mass of the galaxy, the axion-like couplings induced by quantum effects, a possible
mass of the photon and inclusion of an additional disformal coupling. To the best of our
knowledge, this comprises a complete survey of the effects of a single universally coupled
real scalar field. We conclude that it is not possible for a single symmetron field to explain
the lensing of photons around galaxies purely through a modification of gravity.
Without further extending the field content beyond the symmetron model, we see one
possibility for the symmetron to continue to explain galactic dynamics and the lensing
of light by galaxies: that a combination of modified gravity and dark matter effects are
relevant on galactic scales. As shown in Section IV A, this can occur when the critical
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density for the symmetron is of order the average galactic density and when v ∼ M . This
requires a reanalysis of the data, where both the symmetron fifth force, and its correction
to the galactic Newtonian potential are taken into account. The combined regime offers an
intriguing possibility to capture the successes of both the particle dark matter and modified
gravity paradigms within one simple scalar model. However, it pushes the theory into the
non-linear regime, making the observational consequences of the symmetron more difficult
to compute. We intend to investigate the dark matter - modified gravity symmetron further
in future work.
Alternatively, one can further extend the field content. An example of this approach is
given in Ref. [97], where a related attempt was made to explain galactic rotation curves with
a scalar fifth force, in this case with a modified kinetic term. Therein, a second scalar field
pi could be introduced, which couples to matter disformally as
g00 = g˜00 +
ϕ2
W 2
∂0pi∂0pi, (37)
where ϕ is given in Ref. [53], W is a constant with dimensions of mass and pi is a scalar field,
whose time evolution is specified so that pi′ ≈ 1, where ′ indicates a derivative with respect
to conformal time. It has been suggested that this second scalar field could be responsible
for the contribution of dark matter to the background evolution of the universe, and its
disformal coupling for the additional lens mass of galaxies.
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